To explore the role of calcium channels in hypertension, dihydropyridine ([ 3 H]PN200-110) binding to heart, brain, and skeletal muscle microsomes of 4-, 8-and 15-week-old spontaneously hypertensive rats (SHR) and Wistar-Kyoto (WKY) rats was measured. At a constant Ca 2+ ion concentration (pCa 3.0), maximal binding (B^J of dihydropyridine binding to heart and brain microsomes was significantly enhanced in 8-and 15-week-old SHR compared with WKY rats (/?<0.01), whereas this phenomenon was not observed in 4-week-old SHR and WKY rats. B^, and dissociation constant (K d ) values for skeletal muscle microsomes from SHR showed no difference compared with WKY rats irrespective of age. Dihydropyridine binding to heart microsomes, brain microsomes, and solubilized skeletal muscle microsomes exhibited strong calcium dependence. The Ca 2+ -dependent dihydropyridine binding curves for heart showed a Hill slope, and pK 0.5 values for 15-week-old SHR and WKY rats were 0.70±0.12 and 4.66±0.12 versus 0.72±0.12 and 5.66±0.08 (n=4, mean±SD), respectively, indicating that 15-week-old SHR require 10-fold higher calcium concentration than WKY rats to promote dihydropyridine binding. The pK 0.5 values of calcium for brain and solubilized skeletal muscle calcium channels in 15-week-old SHR were also significantly lower than in WKY rats. This difference first became apparent in SHR and WKY rats as early as 4 and 8 weeks after birth. These results suggest that enhancement of calcium channel density might occur in the heart and brain of SHR in response to elevated blood pressure and that reduced calcium sensitivity of dihydropyridine binding to calcium channels might be a primary characteristic of this rat strain. (Hypertension 1991;17:234-241)
T he intracellular Ca
2+ concentration in spontaneously hypertensive rats (SHR) and patients with essential hypertension is reported to be increased in comparison with Wistar-Kyoto (WKY) rats and normotensive individuals, 1 - 8 and such an increase in the cytosolic calcium ion concentration, which causes contraction of smooth muscle in the blood vessels, may play an important role in the development of hypertension.
To explain this phenomenon, abnormal calcium handling in the cell membrane of SHR has been predicted. 9 - 22 For example, such abnormalities are thought to include degrangements of the calcium pump (Ca.Mg-ATPase), 9 
"
15 calcium binding to mem-- 19 and the calcium channels themselves. 20 - 22 The effect of a calcium antagonist such as nifedipine on blood pressure in SHR and patients with essential hypertension is greater than in WKY rats or in normotensive individuals, suggesting that an abnormality of the calcium channel may exist in hypertension. 23 - 26 Because calcium influx is modulated by the voltage-dependent calcium channel, the role of the calcium channel in the maintenance of intracellular calcium concentration is very important. Among the calcium antagonists, dihydropyridine (DHP) blocks the slow inward current most potently, 27 - 28 and its receptor is considered to be a putative calcium channel. 29 -30 By using [ 3 H]DHP as a biochemical probe, calcium channels in several tissues from SHR and WKY rats have been characterized. 20 " 22 After establishment of hypertension, Ishii et al 22 reported that the density of calcium channels was increased in the brain of SHR, whereas in the heart no differences were observed between SHR and WKY rats. On the other hand, Rampe et al 21 reported that there were no changes in calcium channel density in either the brain or heart between SHR and WKY rats. Any difference in the density of calcium channels between SHR and WKY rats is still controversial. Because DHP binding to brain, heart, and smooth muscle, but not skeletal muscle, is modulated by calcium ions, 31 - 34 the density of calcium channels should be measured under a constant free calcium ion concentration. So far, it appears that no previous studies have considered the free calcium ion concentration, an important regulator of DHP binding, when comparing the density of DHP receptors in SHR with that in WKY rats.
Therefore, to explore the role of the calcium channel in hypertension, we measured the density and DHP-binding affinity of calcium channels from heart, brain, and skeletal muscle of 4-, 8-and 15-week-old SHR and WKY rats under the same calcium ion concentration.
Because DHP-sensitive calcium channels are classified into three subtypes (i.e., heart, brain, and skeletal muscle) according to their sensitivity to EDTA, pH, and heparin, 35 - 36 we compared the characteristics of calcium channels from these organs. In addition, the calcium sensitivities of DHP binding to these calcium channels were examined in both SHR and WKY rats at each age.
Experimental Procedures
Male Okamoto SHR 37 and corresponding WKY normotensive control rats were purchased from Charles River Japan Co., and rats aged 4, 8 and 15 weeks were used. Systolic arterial blood pressure was measured by tail plethysmography (Natsume rat-tail manometer).
(+)-PN200-110 (80 /iCi/mmol) was purchased from Amersham Corp., Arlington Heights, 111. 3-[(3-Cholamidopropyl)-dimethylammonio]-l-propanesulfonate (CHAPS), nifedipine, and phenylmethylsulfonyl fluoride (PMSF) were obtained from Sigma Chemical Co., St. Louis, Mo. Protein concentration was measured by the method of Bradford 38 with reagents obtained from Bio-Rad Laboratories, Richmond, Calif.
Preparation of heart, brain, and skeletal muscle microsomes. The rats were killed by cervical dislocation, and the heart, brain, and skeletal muscle were removed immediately and placed in 4-5 volumes of cold buffer A (0.25 M mannitol, 70 mM Tris-HCl [pH 7.4], 0.01 mg/ml leupeptin, and 0.1 mM PMSF). All procedures were carried out at 4°C. Leupeptin (0.01 mg/ml) and PMSF (0.1 mM) were added to all buffers used to avoid proteolytic degradation.
Heart and brain microsomes were prepared by the modified procedure of Glossman and Ferry, 39 and skeletal muscle microsomes were prepared as described by Moczydlowski and Latorre 40 with slight modification. Briefly, minced heart ventricles, whole brain (except the cerebellum), and skeletal muscle dissected from the back were homogenized twice in buffer A using a Polytron homogenizer (Kinematica, Switzerland) for 20 seconds each time at medium speed, with a 20-second interval between. The homogenate was centrifuged at l,900g for 30 minutes, and then the precipitate was resuspended with buffer A, homogenized, and centrifuged as described above. The procedure was repeated twice, and the resulting supernatants were combined and filtered through two layers of nylon gauze (50 mesh). Solid KC1 was added to a final concentration of 0.6 M to the skeletal muscle supernatant to solubilize the contractile proteins. The filtered supernatant was then centrifuged at 70,100g for 40 minutes, and the resulting pellet was suspended in buffer A for use in the DHP binding assay.
To examine the purity of the heart the microsome preparation, ouabain-sensitive Na,K-ATPase in microsomes at each stage, was measured by the method of Fiske and Subbarow. 41 The ouabain-sensitive Na,K-ATPase activity of SHR showed no significant difference in comparison with matched WKY rats (data not shown), indicating similar microsome purity between SHR and WKY rats.
Radioligand Binding Studies
Binding assay with heart, brain, and skeletal muscle microsomes. ), 0.1% CHAPS and 1 mg/ml BSA altered the free calcium curve as a function of added calcium to ensure accurate pCa determinations, the calcium-sensitive dye Fura-2 43 was used. The samples were excited at 340 nm and 380 run with emission at 510 nm. The fluorescence intensity was monitored with a Perkin-Elmer LS 5 ratio-recording spectrofluorometer (The Perkin-Elmer Corp., Norwalk, Conn.). The 340/380 ratio was used to calculate the free Ca 2+ concentration in buffers containing microsomes, CHAPS, and BSA in comparison with standard buffers without detergent and carriers. Neither CHAPS nor BSA affected the free calcium concentration and the increase in the Fura-2 ratio was half-maximal at pCa 6.85, consistent with its known affinity for calcium at 135 nM. 43 The calcium indicator Bromo-Bapta was used to confirm the accuracy of free calcium levels at pCa values higher than 6.0 because of its lower affinity for calcium (pK 0.5=5.80), and these changes in absorbance at 320 nm were used to monitor free calcium as described by Tsien. 44 The use of these calcium indicators to verify and calibrate our pCa curves ensured that determination of DHP binding was done as a function of free calcium.
Data Analysis
Data are given as mean±SD. Hill plots were analyzed by an interactive nonlinear regression Hill program, and B^ was determined by best fit of the data to the Hill equation. The statistical significance of differences in body weight and blood pressure between two age-matched groups was analyzed by unpaired Student's t test.
The statistical significance of differences in B^, K d , and pK 0.5 (calcium) between groups was determined by one-way analysis of variance (ANOVA), followed by the Bonferroni method. 45 Differences at a value of p<0.05 were considered significant.
Results
The number of rats in each group, their body weight, systolic blood pressure, and some other parameters are shown in Table 1 . Blood pressure of SHR was significantly higher than that of WKY rats at 6 weeks of age, and hypertension developed at about 7-8 weeks. Therefore, we selected 4-week-old SHR as representing the prehypertension stage, 8-week-old SHR as the developing hypertension stage, and 15-week-old SHR as the established hypertension stage.
The ratio of heart weight-to-body weight (mg/ gxlOO) for SHR was significantly higher than for WKY rats at each stage. There was no difference in whole brain weight between age-matched SHR and WKY rats.
PN200-110 Binding to Heart, Brain, and Skeletal Muscle Microsomes
The density and affinity of PN200-110 binding to each tissue were measured at a constant free calcium ion concentration (pCa=3.0) because Ca 2+ is an important regulator of DHP binding, 31 - 33 and the results were compared between age-matched SHR and WKY rats. Table 2 shows the results of B,™ and K A for [ 3 H]PN200-110 binding to heart, brain, and skeletal muscle microsomes from Scatchard analysis.
In the heart binding study, there were no significant differences in B^ and K d between 4-week-old SHR and WKY rats. B^ for the heart of 8-week-old SHR was significantly enhanced (p<0.05) as com- There were no significant differences in K d between SHR and WKY rats from 8 to 15 weeks of age. This result suggests that before the development of hypertension, there were no differences in the density of heart calcium channels or their affinity, whereas at the stages of development and establishment of hypertension in SHR, the density of heart calcium channels was greater than in age-matched WKY rats. H]PN200-110 binding to SHR at 8 and 15 weeks of age was significantly greater than that of age-matched WKY rats (p<0.01). This result obtained with brain is similar to the result for heart, suggesting that these differences in DHP receptor density might be due to the secondary effects of hypertension.
Bnu,, and K 6 for the skeletal muscle microsomes of 4-, 8-, and 15-week-old SHR and WKY rats are shown in Table 2 . There were no significant differences in Bmjj and K d between age-matched SHR and WKY rats at any stage, indicating that the density and affinity of skeletal muscle calcium channels might not be affected by elevation of blood pressure.
Statistical analysis (ANOVA followed by the Bonferroni method) showed that the density and affinity of calcium channels from the heart and brain in both SHR and WKY rats decreased with age, whereas those of skeletal muscle increased with age.
Calcium Dependence of PN200-110 Binding to Heart, Brain, and Solubilized Skeletal Muscle Microsomes
Difference in calcium dependence of dihydropyridine binding to heart calcium channels. As reported by Luchowski et al, 33 DHP binding to heart calcium channels showed strong calcium dependence, suggesting that the calcium channel is a calcium-binding protein. Figure 1 shows Scatchard analysis of DHP binding at pCa 3.0 and pCa 9.0 to microsomes from the heart of 15-week-old SHR. The B^ at pCa 3.0 and pCa 9.0 was 220 and 57 fmol/mg protein, respectively, whereas the value of K A for pCa 3.0 and pCa 9.0 was 70 and 69 pM, respectively. This suggests that the increase of DHP binding to the heart was due to the B^ effect, with little affect on K 6 . Figure 2 shows the calcium dependence of DHP binding to heart calcium channels from age-matched SHR and WKY rats under almost identical pH]PN200-110 concentrations. Figure 2A demonstrates the calcium dependence of PN200-110 binding to heart microsomes from 4-week-old SHR and WKY rats. Calcium increased the PN200-110 binding to SHR heart microsomes from 175±10 fmol/mg protein (pCa 9.0) to 423 ±7.0 fmol/mg protein (pCa 3.0); this change occurred with an apparent pK 0.5 of 4.7±0.06 with a Hill coefficient of 0.684±0.18 (r=0.986). When free calcium was increased from pCa 9.0 to 3.0, PN200-110 binding to the WKY rat heart microsomes increased from 188±3.49 fmol/mg protein to 426 ±6.41 fmol/mg protein. Calcium produced an increase in PN200-110 binding to WKY rat heart microsomes with a pK 0.5 of 6.1 ±0.050 and a Hill coefficient of 0.697+0. 16 higher than that of WKY rats to promote DHP binding. Figures 2B and 2C also demonstrate the calcium dependence of DHP binding to heart microsomes for 8-and 15-week-old SHR and WKY rats, respectively. The values of pK 0.5 and Hill coefficient for 8-week-old SHR and WKY rats were 4.5±0.10, 0.72±0.18 and 5.6±0.13, 0.67±0.13, respectively. In addition, the pK 0.5 and Hill coefficient for 15-week-old SHR and WKY rats were 4.66±0.12, 0.70+0.12 and 5.66±0.08, 0.72±0.12, respectively. The pK 0.5 value for SHR tested at any stage was significantly greater than that of age-matched WKY rats (/J<0.01, Table 3 ). There were no significant changes in Hill slopes, but a reduced calcium sensitivity for DHP binding in the heart calcium channel of SHR as compared with that of WKY rats was observed at all ages tested.
Difference in calcium dependence of dihydropyridine binding to brain calcium channels. Figure 3 illustrates the calcium dependence of DHP binding to brain microsomes from 8-week-old SHR and WKY rats. Calcium increased PN200-110 binding to brain microsomes from SHR and WKY rats from 34.1 ±1.97 fmol/mg protein (pCa 9.0) to 100±4.32 fmol/mg protein (pCa 3.0), and 20±3.2 fmol/mg protein (pCa 9.0) to 78±6.3 fmol/mg protein (pCa 3.0), respectively. The values of pK 0.5 and Hill coefficient for SHR and WKY rats were 4.6±0.18, 0.70±0.12 and 6.0±0.12, 0.72±0.06, respectively.
As was the case for heart calcium channels, this calcium-dependent increase of PN200-110 binding to brain calcium channels was modulated by the Bê ffect with little change in K^ (data not shown). Significantly reduced sensitivity of DHP binding to calcium was observed in 4-and 15-week-old SHR as compared with age-matched WKY rats (Table 3) .
Difference in calcium dependence of dihydropyridine binding to solubilized skeletal muscle calcium channels. DHP binding to skeletal muscle microsomes is known to be calcium independent, 34 whereas the solubilized microsomes are known to exhibit strong calcium dependence for DHP binding. 384647 Presumably this difference is caused by contamination due to calcium ions entrapped within everted T tubule vesicles, which promote DHP binding to microsomes. 48 ' 49 To determine whether the calcium sensitivity of DHP binding to skeletal muscle calcium channels from SHR differs from that of WKY rats, DHP binding to the solubilized skeletal muscle microsomes was examined. CHAPS at 0.3% solubilized about 20% of the total protein and preserved about 10% of the specific activity of DHP binding as compared with the original microsome activity. Figure 4 shows the DHP binding-calcium ion curves for solubilized skeletal muscle from 8-weekold SHR and WKY rats. After solubilization, the calcium dependence of DHP binding was recovered. The pK 0.5 for SHR was significantly lower than that for WKY rats, as observed for the heart and brain calcium channels in microsomes, and a similar phenomenon was also observed between age-matched SHR and WKY rats at 4 and 15 weeks (Table 3) . These results indicate that the reduced calcium sensitivity of DHP binding to skeletal muscle calcium channels also exists in SHR as compared with agematched WKY rats. The reduced change in Ca Values given are mean±SD (n=4). SHR, spontaneously hypertensive rats; WKY, Wistar-Kyoto rats.
•p<0.01. affinity observed in skeletal muscle (fourfold change versus 25-fold in 4-week-old heart) may be due to partial inactivation of the calcium channels by detergent.
The values of pK 0.5 and Hill coefficient for the heart, brain, and solubilized skeletal muscle calcium channels are summarized in Table 3 .
Discussion
Ishii et al 22 reported that the density of calcium channels (DHP receptors) was increased in the brain of SHR as compared with WKY rats, whereas Rampe et al 21 reported that there was no such strain difference in calcium channel density in the brain. Lee et al 20 reported that the calcium channel density in the brain stem of rats with deoxycorticosterone- the results disagree. For example, if calcium channel density were compared at pCa 6.0 (without chelating agents such as EDTA or EGTA, it is very difficult to remove contamination due to calcium ion, which is usually about 1 /iM), there would be no significant difference between SHR and WKY rats (in fact there was no difference in heart calcium channel density, according to Ishii et al 22 ; also see Figure 2 ). If the density were compared at pCa 3.0, the density of brain calcium channels for 8-week-old SHR would be greater than that for WKY rats (see Figure 3) .
In the present study, the calcium ion concentration was determined accurately using a calcium-sensitive dye, and under a constant free calcium ion concentration, the density (B^) and affinity (K d ) of SHR before and after hypertension were compared with the age-matched WKY rats.
Before hypertension, there was no difference in B^ and K A for heart calcium channels between SHR and WKY rats, but after the elevation of blood pressure, the density of heart calcium channels from 8-and 15-week-old SHR was higher than in agematched WKY rats. As in the case of heart, brain calcium channel density in SHR was higher than that in WKY rats after development of hypertension but not before. This result suggests that the increased calcium channel density in these organs of SHR may be secondary to the onset of hypertension. Unlike the heart and brain, there were no differences in B mai and K d for skeletal muscle microsomes between SHR and WKY rats. It is still unknown why the result for skeletal muscle differs from those for heart and brain.
Using an accurately determined free calcium ion concentration condition, the calcium dependence of DHP binding to heart, brain, and solubilized skeletal muscle calcium channels was examined. DHP binding to the heart, brain, and solubilized skeletal muscle microsomes revealed calcium-dependent DHP binding, indicating that Ca channels in all three preparations have calcium domains that regulate DHP binding, and that the calcium channel is similar in this respect to Ca 2+ -binding proteins such as calmodulin and troponin C.
-31
The calcium sensitivity of calcium domains of calcium channels from the heart, brain, and skeletal muscle of SHR was reduced as compared with agematched WKY rats. This reduced sensitivity of SHR was observed at all stages tested, and therefore this might be a primary characteristic change of SHR. The calcium domains of skeletal muscle calcium channels that regulate DHP binding are reported to be located at an extracellular site, 48 -49 although Schilling 52 has reported that the calcium domains of heart calcium channels might exist intracellularly.
It has been reported that cytosolic calcium ions in several tissues of SHR and patients with essential hypertension are increased, 1 
"
8 and that abnormal calcium handling exists in the membrane system in SHR.
-
26 Therefore, it might be possible for these calcium domains to modulate calcium entry through the calcium channels by changing their calcium sensitivity, and the reduced calcium sensitivity of the calcium channel in SHR might lock the protective mechanism against any cytosolic increase in calcium ions.
Although we have thus described the calcium dependence of DHP binding to heart, brain, and skeletal muscle calcium channels and reduced calcium sensitivity of DHP binding in SHR, further comparison of calcium channels between SHR and WKY rats should be done. In the future, to avoid many factors that might affect DHP binding in microsomes (membrane sideness, proteases, phospholipase), 46 -48 -49 -53 purified calcium channels from each organ should be used for comparative studies between SHR and WKY rats.
